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Page 6, equation (6) should read as follows: 

'cr = 11 x Elastic buckling stress for actual value of 
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TECHNICAL NOTE NO. 1822 

By Paul Seide and Elbridge Z. Stowell 

SUMMARY 

A solution is presented for the problem of the cmpressive buckling 
of aimply supported, flat, rectangular, Metalite type sandwich plates 
stressed either in the elastic range or in the plastic range. CkbartS 

for the analysis of long sandwich plates are presented for plates having 
face materials of &S-T3 aluminum alloy, 75s-T6 Alclad aluminum alloy, 
and stainless steel. 

l A comparison of computed and experimental 
square Metalite sandwich plates indicates fair 
and experiment. 

llINTRODUCTION 

buckling stresses of 
agreement between theory 

The necessary condition that the wing surfaces of modern high-speed 
aircraft remain smooth under high loads has led to the use of the sand- 
wich plate as a substitute for sheet-stringer construction. Sandwich ' 
plates consist of two thin sheets of metal separated by a low4ensity, 
low-stiffness core which, though contributing little to the strength of 
the plate, serves to increase tremendously the flemral stiffness of the 
load-carrying faces. The increase in flexural stiffness is smewhat 
offset, however, by deflections due to shear which becoane appreciable 
because of the low stiffness of the core. 

Several papers which extend ordinary plate theory to take deflection3 
due to shear into account have appeared recently in this country. The 
extension is made approximately in reference 1 by.means of the assumption 
that any line in the core that is initially straight and nomalto the 
middle surface of the core will remain straight after deformation but will 
deviate fram the normal-to the deformed middle surface by an amount that 
is proportionalto the slope of the plate surface, the proportionality factor 
being the same throughout the plate. The theory is used to obtain approxi- 
mate criterions for the compressive bucklzLng of plates with various 
edge--support conditions. The criterions are corrected for the effects of 
plasticity by replacing the Young's modulus of the face material every- 
where it appears in the buckling formulas by a reduced modulus, 
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this method of correction being partly justified by the consideration of 
its theoretical effectiveness in connection with the plastic buckling of 
simply supported sandwich calm. Reference 2 presents a small-deflection 
theory for elast-lc bending and buckling of orthotropic sandwich plates which 
considers shear deformations in a more refined manner. Reference 3 presents 
a large-deflection analysis of elastic isotropic sandwich plates and 
reduces the equations to small-deflection form to solve the problem of the 
capressive buckling of simply supported sandwich plates. The theories of 
references 2 and 3 can be shown to reduce to that of reference 1 in the 
case of the problem of the compressive buckling of simply supported pl&fR3s. 

In the present paper the theory of reference 2 is applied to the 
problem of the ccnnpressive buckling of simply supported Metalite type sand- 
wich plates. The particular sandwich considered is one for which face- 
parallel stresses in.the core may be neglected so that all the applied 
load is carried by the faces. Furthermore, the faces are assumed to be 
very thin ccmpared with the core. The stability criterion obtained is 
similar to those given in references 1 and 3. The theory is also extended 
to the plastic range in much the same manner as was done in reference 4 
for solid plates and is used to determine the-plastic ccmpressive buckling 
stress of simply supported Metalite type sandwich plates. Charts for the 
analysis of long sandwich plates stressed in the elastic range or in the 
plastic range are presented for plates having face materials of 
24S-T3 aluminum alloy, 75~~~6. Alclad aluminum alloy, and stainless steel. 

The theory is checked by a comparison of computed and experimental 
results for square sandwich plates with 2&S-T Alclad aluminWl.loy 
faces and end-grain balsa cores. The experimental results were obtained 
from reference 5. Fair agreatnentis found between theory and experiment. 
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Ccmpressive buckling formulas for simply supported flat rectangular 
Metalite type sandwich plates are derived in the appendixes for buckling 
in eitherthe elastic range or in the plastic range. The equation for 
ccmpressive buckling in the elastic range is obtained in appendix A by 
use of the theory developed in reference 2. The theory is modified in 
appendixB to obtain the equation for compressive buckling in the plastic 
range. 

$Liastic range.- For finite plates the buckling-stress coefficient 
Is given by equation (A7) of appendix A as follows: 

(1) 
. 

Consecutive integral values of m are substituted into equation (1) until 
.a minimum value of the buckling coefficient is obtained for given values 
of P and r. For infinite plates the coefficient reduces to 

k= 4 

(1 + r)2 

1 ktr; 

(r S 1) 

(r 2 1) 

(2) . 

(3) 

When the core shear stiffness is infinite-(r = 0), equations(l) and (2) 
reduce to the well-knoun buckling criterions for iso5j%pic plates with 
deflections due to shear neglected. 

Equaf;ions (1) to (3) are presented graphically in figures 2 and 3. 
Figure 2 shows that-the effect of finite core shear stiffness ia not only 
to decrease the buckling stress but also to increase the number of half- 
waves in the buckled plate. If the core shear-+3t9ffneSe paSamet;eriS 
equal to or -than 1.0, the wave length of buckle becmes infinitely 
small, In which case the restraint-to buckling offered by the side 
supports ha8 no effect. The buckling-stress coefficient is then ind+ 
pendent of the plat-aspect ratio p and is determined by .the shear 
strength of,the core. 

Elastic range.-When the buckling stress is in the plastic range the 
coefficients are given by the appropriatwone of equations (310) 
of appendix B. Since the buckling coefficient is given by these 

. 
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equations as a function of the buckling strees, a graphical method must 
be used to analyze a given plate. The buckling coefficient given by 
equations (BID) to (B13) is defined as 

Equation (4) can be rearranged to give 

A 3 =cr 
b'tf 2 k' Pl 

3a 
so that - 

b2tf 
is now given in terms of the.buckling stress, the shear- 

stiffness parameter 
3l?6 . 

. and the plate aspect ratio j3 all of which 
i $Gc h, ' 

are contained in k* &B 
Pl' 

For a given value of p, curves of - against 

. 
b2tf 

buckling stress can be plotted for various values of the shear-stiffness 

parameter l&3 - 
b2Cchc' 

i% ana I& Then for a given plate - 
b%hc 

are defined 
b2tf 

by the plate dimensions and material propert.ies and the buckling strese 
may then be obtained fram the appropriate curve. 

Since equations (BlO) to (B13) are valid only for plates with a 
Poisson's ratio of l/2, the buckling stresses caputed by the foregoing 
method from those equations are in error for plates having other Poisson's 
ratios and must be corrected. The correction process used in the present 
paper is the following: For a given plate the plastic buckling stress 
based on a Poisson's ratio of l/2 is computed by the foregoing method. 
The buckling stress for a perfectly elastic plate is also computed by using 
the appropriate one of equations (Bl4) to (Bl6) which are also based upon 
a Poieson~s ratio of l/2. It is assumed that for given values 

a of - and 'B 
b2tf b%chc 

the ratio of the plastic and elastic stresses is 

. 
independent of.Poisson's ratio. Then for any other value of Poisson*s 
ratio the corrected buckling stress is given by 
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bCT = q x Elastic buckling Btrese for actual value of pf 

(6) 

where q is the ratio of the plastic and elast-lc buckling stresses 

computed on the basis of pf = $ and k IB determined from equations (1) 
to (3) a8 

for finite -plates and 
4 

k= 

(7) 

(8) 
. 

(9) 

for infinitelylongplatee. 

curves of g- against-the corrected buckling BtresB for various 

values of x?B 
=zi 

=Y now be drawn. Different set-s of curves are obtained 

for different values of pf, 

Charts for the analysieof infinitely long setndwich platee were 
constructed by the foregoing method far face material-B of Z&T3 ahminum 
alloy, 7-6 Alclad aluminum alloy, and stainless steel and are presented 
as figures 4, 6, and 8, respectively. In each case Pf WaB taken 

as l/3. These charts are based upon typical face4aterial BtreBB-strain 
curve8 which are presented aa figures 5(a), 7(a), and g(a). Since the 
equations used do not aepena cm the strese-strain c-e itself but upon 
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its Shape as given by the curves of E&f and lGT/Ef aS functions 
of Strese (figs. 5(b), 7(b), and g(b)), Metalite type sandwich platea 
having faces of any material for which curves of E&f and Et/Ef againat 
stress are similar to those of figures 5(b), 7(b), or g(b) may be analyzed 
by means of the corresponding chart. 

The charts of figures 4, 6, and 8 for infinitely long sandwich 
plates may be used with little error for finite plates WhOBe aspect ratio 
is greater than 3. An extension of the curve8 of figure 2 would indicate 
that in this range of aspect ratio the buckling coefficient in esflentially 
given by that for the infinitely long plate, especially if the core shear 
StiffIleBS iS 1aW. 

Ccrmparison of theory and. experiment.- An experimental check of the 
equations derived in this present paper for the ccnrpressive buckling of 
simply supported Metalite type sandwich platee was obtained by a comparison 
of computed ana experimental buckling stresses of square plates having 
2&S-T Alclad alumin~lloy face8 and end-graix&halsa coree of various 
thiclrnesses (fig. 10). The experimental results were obtained fram 
reference 3. 

The computations involved in the determination of the theoretical 
streSSeEl were shortened by UB~IQ the typical BtreBB-Btrain Curve Of 
figure 5 for 24S-T3 aluminum alloy instead of the BtreBB--strain curves 
presented in reference 5 for 2&P-T Alclad aluminmlloy Sheet of various 
thicknesees. The stress-strain curve used Is approximately the average 
of the actual StreSB--strain curves. 

As indicated by figure 10 the agreement between courputed and eqer- 
imental streeses is fair, the computed streeses being on the average 
8 percent higher than the eqerimental Btresses. In individual cases, 
huwever, the deviation is a8 high as 25 percent on the uncanservative 
Bide. An investigation of the experimental data reveals that BW.U of this 
deviation can be traced to a scattering of the experimental buckling 
stresses for plates having essentially the same dimensions. Sane error 
too is involved in the computation of the buckling Btreeees with the 
use of an average stress-strain curve for the face material. 

The theoretical buckling stresses obtained by ueing the results 
of the present paper agree ?XaBOIXbly well with the theoretical results 
obtained in reference 5 by using the Btability equation of reference 1. 
Differences in thee8 theoretical results ari~.e mainly beCaUse the 
flexural Stiffnesses used in the present paper are theoretical while 
those used in reference 5 were obtained experimsntally. 

Langley Aeronautical Laboratory 
National Advisory Ccxuroittee for Aeronautice 

Iangleg Air Force Base, Va., December 29, 1948 
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APPENDIXA 

DERIVATION OF COMPRESSIVE BUCKLING E4WTION FOR 

SIMPLY SUPPORTED MEI'ALITE TYPE SANDWICH 

PLATES STRESSED lNTHEELASTIC RANGE 

The cmpressive buckling criterion for simply supported Metalite type 
sandwich plates (fig. 1) stressed in the elastic range may be derived 
by means of equations (9) to (6~) of reference 2. In the equations Beven 
physical constants of sandwich plates (two PoiBson's ratios, two flexural 
Btiffnesses, a twisting stlffnese, and two shear stlffneBBee) IImBt be 
specified. In order to determine the phyerical constants, the following 
assumptions are made in the present paper: 

. 

1. The faces and core are isotropic. 

2. Face-parallel stresses in the core may be neglected 80 that the 

applied loads are carried only by the faces. 

3- Vertical shear forces are carried only by the core and are 
distributed uniformly acroBs the thiclmeas of the core. 

4. The facea are aBsumed to be very thin CCXRpmed to-the core 80 

that-the variation of face-parallel etreeees acroBs the thiclmess of the 
faces may be neglected. 

Under these assumptions the physical constants of Metalite type 
sandwich plates are 

q 

PX = cly = &-. 

Dx = Dy = (1 -i- pf)DW = 
Eftf($ + t,$' 

2 

DQx = DQy = Gchc 
J 

Equations (3) to (6~) ofreference 2 may thenbe written aa 

(Al) 

. 

I 
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. 

My=4[$($&) +Pf$-&&)] (A2b) 

%&q+-(~-&)+~(.-&~ (A2c) 

Qy = - ?%Y &Y 
as +F 

where M,, My, % are the bending and twist5ng mcments, 

(A=) 

the Bhear forces, and w is the middleface deflection at the 
point (x,y) in the sandwich plate. ~Epuations (A2) constitute the six 
fundamental differential equations for elastic buckling of Metalite type 
sandwich plates. 

An equation in terms of the middle-Burface deflection w alone can 
be obtained. SubBtitutiOn of the expressions for Mx, My, and G given 
in equations (A2a) to (A2c) into equation (A2d) yields 

But, from equations (A2d) to (A2f), 

a&X+& a2W 
ax ay = 2ucrtQ 

Hence equation (A3) reducee to 

2ocrtf h2w = o 
D ax2 

‘(A-5) 

Equation (45) is identical with equation (n) of reference 3 for a plate 
under compression in one direction. 



-i 

(eSA) 

T&:y&lue of m to be ueed #e~u&%n (&7&.ifl. 
lowest value of k for givenYq& uei&of r 

(A71 

that which yields the 
P. 

and 

(EA) 

The 2uckling coefficient givq by e~~ti~(A~~o~~o~~c~,.failure 
of!-& core material under @i@~p@#nz::oZ 8 C .'QtJ v6 

Equations (AT) to (Ag) are similar to eqztions (76), (79), and (7%) 
of reference 3. 0.3 ~e~r/jler (?A, ‘1 rr t.mr_‘pe scnsY -. 
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APPENDIXB 

DERIVATION OF CCMPRESSIVF, BUCKLING EQUATION FOR 

SIMPLY SUPPORTED MNTALITE TYPE SANDWICH 

PLATES STRESSED INTHEPLASTICRANGE 

When the faces of sandwich plates are stressed in the plastic 
range, the buckling theory used in appendix A is no longer applicable. 
The equations of equilibrium, equations (A2d) to (A2f), remain unchanged 
but the deformation equations, (A2a) to (ARC), must be modified to include 
plastic effects. This modification may be readily made by means of the 
plastic buckling theory of reference 4 which is based on the plastic 
stress--strain relations characteristic of the deformation theory of 
plasticity. The stress-strain relations involve the assumptions that the 
plate material is isotropic and incompressible and that no part of the 
plate unloads duringbuckling. . 

Since in the sandwich plates considered in this paper the applied 
. forces are assumed to be carried-only by the faces and the stresses 

arising from these forces are assumed to be distributed uniformly across 
the thickness of the faces, the bending and twisting moments are given 
by the expressions 

Is& = exu - bcTxL) Q(b2+ Q) 

Mw= 
tf(h, + tf) 

2 J 
where 6ax, Gcy, &r= are small variations of the average stresses in 
the faces when buckling occurs from their values before buckling. The 
superscripts U and L refer to the upper and lower facea, respectively. 
The positive direction of Mq is taken in accordawe with that given 
in reference 1 and is the negative of that given in reference 2. 

. 

? 

Expressions for the variations of the average stresses in the 
faces may be obtained from the general treatment of reference 2. For 
the case of a plate ccmpressed in the x-direction these equations are 
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where 

‘G&3 variations of middl-urface strains 
a,~,3 parts of plate bending and twisting curvatures 

that-cause stresses in the faces 
=0 coordinate-of neutral surface of-plate 

The upper and lower signs refer to the upper and lower faces of the plate, 
respectively. 

The deformations due to vertical shear consist merely of a sliding 
of the plate crow sections with respect to one another and hence do not 
contribute to the face stresses. The curvatures due to shear deflections 
therefore must be subtracted fram the total plate curvatures to give the 
curvatures used in equations (B2). Then, if the core is assumed to be 
stressed In the elastic range, 

(B3) 

. 

The substitutfon of equations (B2) and (B3) into equations (Bl) yields 
the modified deformation equations 

. 
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Equations (B4) together with equations (A2d) to (A2f) of appendix A 
constitute the six fundamental differential eq~tions for plastic corn-- 
pressive buckling of Mefialite type sandwich plates. Equations (A2d) 
to (A2f) are 

3% - &3%x + e!z = 2ocrtgE 
a2 axas asz aY.3 

Qx=-S+aM” as ax 

2%x& Qy=- & f y ?- 

Unlike the elastic buckling theory, the theory for plastic buckling 
does not yield a single equation in the middl+surface deflection w. 
The number of equa.tions necessary for the determination of the compressive 
buckling load may be reduced to three if equatfons (B4) are substituted 
into equations (B5), so that 

a&x+?% a2W 
ax ay - 2acrtQ = O 

036) 
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The conditions that must be satisfied at the edges of a simply supported. 
sandwich plaWm.e .- 

. 

- 

w= M./&o - 

w=M Y 2bLo 
WC 

(at x = 0, a) 
1 

(at- y = 0, b) 

J 

Solutions of equations (B6) that satisfy these boundary conditions are 

w =Alsinm~ sin $ 

QX - = A2cos mT sin F 
WC 

w 

Q 
79- ch, = 

A3sin m+ COB $ 

Substitution of equations (B8) in equations 
equations 

(B6) yields the set of 

Since Al, Ag, and A3 must have values other than zero, setting the 
determinant of the coefficients of Al, AZ, and A3 equal to zero yields 
the stability criterion 



The plmtio C~QI-essive buckling losd of &YnIte~ lmg eslldtich plates my be obtained 
by dnbdzing equation (BlO) with respect to e/m. This procedure yields 

(BILL) 

Equations (BlO) and (Bll) then deQrmine the ccmtprsasive bucMing load of infinitely Long e&d- 
with plates. Far any given values af IA3 buckling stress and the shear stiffmes parameter a, 
equation (Bll) is used to fin3 the value of a/ m that~yiel& the ml?xhmt value cf klpl. 
This value of p/m Is then mbstltutea In equation (BlD) to determine k*pl. If all the values 
at' p/m given by equation (Bll) are %mgm; that lej if 



P/m must be taken equal to zero in equatlan (BlO) which becanes 

which is Identical with equation (A9) if Poisscn~s ratio is taken equal to l/2 In the equation (A9) 

If the bucklAng strees'ls in the elastic raqe, Cl and * are equal to unity and the 
buckling equations reduce to 

. k, _ e+g2 
1+q t- 

67 82 

for compressive buckling of finite MetalSte type sandwich plates and 

. 

(B14) 
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k' 

B 30 m 

for compressive buckling of infinitely long sandwich plates. 
Equations (B14) to (B16) are identical with equations (AT) to (A9) if 
Poissonts ratio in equations (AT) to (A9) is taken to be l/2. 
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Figure l.- Stiply supported Metalite type sandwich plate under 
compression. 
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Figure 2.- Compressive-buckling coefficients for Metalite type sandwich 
plates stressed in the elastic range. 
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Figure 3.- Ccmrpressive-&uckling coefficients for infinitely lccng 
Metalits-type sandwioh plates stressed In the elastic range. 
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FFgure 4.- Design ohsrt for long Metalite type aandwibh plates with 
2&xc3 aluminm+alloy faces. pf = $. 
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Figure 5.- Typical stress-train relations for 2kS~T3 aluminum alloy. 
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Figure 6.- Design chart for long Metaltie type sandwich plates with 
73%T6 Alclad akminum-alloy faces. pf = $. 
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Figure 8.- Design chart for long Metalite type sandwich plates with 
stainless-&eel faces. pf 3 +. 
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Figure 9.9 Typical stress-strain relations for stainless steel. 
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Figure lO.- Comparison of calculated and experimental bucM3ng stresses 
for square Metalite sandwich plates with 2k34 Alclad aluminm+alloy 
faces. 


